23 24 Synaptic ribbons are thought to provide vesicles for continuous synaptic transmission in 25 some retinal non-spiking neurons, yet recent studies indicate that genetic removal of the 26 ribbon has little effect on vesicle release kinetics. To investigate vesicle replenishment 27 at synaptic ribbons, we imaged synaptic vesicles and ribbons in retinal bipolar cells with 28 TIRF microscopy during stimulation with trains of 30-ms depolarizations. Analysis of 29 vesicles released by the stimuli revealed that the vast majority of releasable vesicles 30 reside within 300 nm of the ribbon center. A single 30-ms step to 0 mV was sufficient 31 to deplete the most membrane-proximal vesicle pool, while triggering rapid stepwise 32 movements of distal vesicles along the ribbon and toward the plasma membrane. 33
To investigate the properties of vesicle transport in bipolar cell synaptic terminals, 95 synaptic vesicles in freshly dissociated bipolar cells from the goldfish retina were 96 labeled with FM1-43, which loads into vesicles by endocytosis (Betz et al., 1992) , and 97 imaged using TIRF microscopy. Since vesicles are packed into the synaptic terminal at 98 a higher density than can be resolved using light microscopy, labeling was restricted to 99 a small fraction of the total vesicle pool in order to visualize individual synaptic vesicles 100 (Zenisek et al., 2000) . This was achieved by exposing cells briefly to FM1-43 in the 101 presence of 25 mM K + (see Methods). After loading with the dye, bipolar cells were 102 voltage-clamped at the cell soma. In many experiments, a Ribeye-binding peptide 103 conjugated with rhodamine was added to the patch pipette (Joselevitch and Zenisek, 104 2009; Zenisek et al., 2004) , allowing us to visualize ribbon sites in the same cells. 105 106
Immobilized Synaptic Vesicles Gather at Ribbon Sites 107
Synaptic vesicles were visible as diffraction-limited spots after labeling. As described 108 previously (Holt et al., 2004; Zenisek, 2008; Zenisek et al., 2000) , most vesicles 109 fluctuate in intensity with time and were visible for less than 200 ms, whereas a subset 110 of vesicles retained a steady fluorescence intensity, indicating that they were immobile. 111
When bipolar cells were periodically subjected to 30-ms step depolarizations from -112 60 to 0 mV, fusion of immobilized vesicles could be seen as an increase in spot 113 fluorescence followed by the formation of a cloud of dye, as reported elsewhere 114 (Zenisek et al., 2000) . An example of such an event is illustrated in Figure 1A Zenisek, 2008) and that brief stimuli give rise to 142 fusion events mostly near active zones (Zenisek et al., 2000) or labeled ribbon sites 143 (Midorikawa et al., 2007) , whereas longer depolarizations elicit extrasynaptic and non-144 vesicular fusion events (Coggins et al., 2007; Midorikawa et al., 2007; Zenisek et al., 145 2000) . Like these previous reports, we found that vesicle docking and exocytosis 146 colocalized well with ribbon sites. Figure 1C To investigate the association between vesicles and ribbon in more detail, we 152 mapped the distance for each vesicle relative to the nearest ribbon at high spatial 153 resolution. For this, we localized the center of each fluorescent spot to sub-pixel 154 accuracy, a strategy used to visualize small movements of molecular motors (Yildiz et 155 al., 2003) and employed by super-resolution microscopy techniques (Toomre and  156 Bewersdorf, 2010). Overall, 79% of vesicles that could be localized with an error equal 157 to or less than 20 nm (see Methods) were found within 300 nm of the center of the 158 nearest ribbon. The distribution of these vesicles relative to the ribbon center is shown 159 as a scatter plot in the left panel of Figure 1D and replotted as a histogram of distances 160 in the center panel and as a cumulative histogram in the right panel. 161
Since the base of a synaptic ribbon is around 400 nm long (von Gersdorff et al., 162 1996) , we propose that each of these active release zones corresponds to the base of a 163 synaptic ribbon. It is interesting to note that we found a void of approximately 164 50 nm radius in the center of the scatter plot (Figure 1D , left panel). This roughly 165 10 corresponds to the width of the ribbon along its minor axis (von Gersdorff et al., 1996) 166 and suggests that vesicles do not dock directly underneath synaptic ribbons, probably 167 because this is prevented by the protein complexes involved in anchoring ribbons at the 168 membrane (Dick et al., 2003; tom Dieck et al., 2005) . Indeed, the region directly 169
beneath the ribbon appears devoid of vesicles in electron micrographs of bipolar cells 170 (von Gersdorff et al., 1996) . Evidently, bipolar cell synaptic release is mostly confined 171 to ribbon sites when triggered by brief stimuli, as previously proposed (Coggins and 172 Zenisek, 2009; Midorikawa et al., 2007; von Gersdorff et al., 1996; Zenisek et al., 173 2000) . In the following sections, we refer to active zones as these sites of concentrated 174 synaptic release and pool data from both Ribeye-labeled cells, where direct correlation 175 to ribbon sites is possible, and unlabeled cells, where the signal-to-noise ratio allows for 176 better imaging of vesicles. The remaining analysis in this paper was restricted to this 177 ribbon-associated pool of vesicles. 178 179
Vesicles Move Down the Ribbon Upon Stimulation 180
Bipolar cells exhibit at least two kinetic components of exocytosis in response to step 181 depolarizations to 0 mV (Mennerick and Matthews, 1996; Neves and Lagnado, 1999;  (Burrone and Lagnado, 2000; Mennerick and Matthews, 191 1996; Sakaba et al., 1997) and was suggested to arise from vesicles both at active zones 192 and at outlier locations (Mehta et al., 2014; Midorikawa et al., 2007; Zenisek, 2008; 193 Zenisek et al., 2000) . 194
We therefore looked more directly at the possibility that vesicles move down the 195 ribbon in response to short stimuli. Bipolar cells were depolarized from -60 to 0 mV for 196 30 ms to elicit exocytosis of the vesicles docked at the base of the ribbons and 197 subsequent replenishment. Vesicle movement toward the coverslip, as indicated by an 198 increase in vesicle fluorescence without the lateral spread of dye fluorescence, often 199 followed these brief depolarizations ( The movement of approaching vesicles at active zones was directionally biased 250 toward the membrane, since 92 increases in vesicle fluorescence were observed in the 251 frames following a depolarization and no stepwise decreases in fluorescence were 252 observed (39 movies, 12 cells). Occasionally, vesicle brightening events were observed 253 twice in the same location, suggesting a vesicle making two steps towards the 254 membrane (n = 17 vesicles, 11 movies, 7 cells). An example is shown in Figure 2D . 255
Each approach could be fit by the same sigmoidal function, yielding similar individual 256 transit times (115.5 ± 46.2 ms after the stimulus for the first approach and 257 151.2 ± 46.3 ms for the second, mean ± S.E.M.), consistent with stepwise movements 258 towards the cell membrane. 259 Figure 2E shows a histogram of the measured distances traveled by each of 94 260 stepwise approaches analyzed with the method in Figure 2C . It is noteworthy that the 261 histogram peaks at 30-40 nm (median = 44.5 nm, mean ± SD = 54.4 ± 39.4), a vertical 262 displacement similar to the distance measured between vesicles on the ribbon (von 263 Gersdorff et al., 1996) . Figure 2F shows the average fluorescence of 92 such 264 approaches aligned to the voltage stimulus (grey circles) or to the arrival time (black 265 squares). When aligned to the arrival time, the resulting mean intensity profile could be 266 fit by a sigmoidal function with an apparent transit time of 90 ms. When the same data 267 was aligned to the triggering stimulus, however, the resulting curve is broader, with an 268 apparently longer transit time (269 ms), indicating that even though approaches tend to 269 be fast, not all vesicles start moving at the same time after a stimulus. 270 271
Some Vesicles Start Moving Later 272
We next analyzed the distribution of transit times (Figure 3A) , delays for departure 273 ( Figure 3B ) and delays for arrival ( Figure 3C ) in the first 240 ms following a 274 15 depolarization. Figure 3A shows that although 70% of observed vesicles made their 275 way to the membrane within 150 ms, the distribution of transit times exhibited 276 variability, which can also be seen in the distribution of delays for departure 277 ( Figure 3B) . The coefficient of variation of the latter distribution (defined as the mean 278 divided by the SD) was larger: cv = 1.1 for transit times and 1.54 for delays for 279 departure. As shown in Figure 3D , both transit times and delays for departure 280 contribute to delays for arrival, because the latter correlate with both variables, the 281 correlation with transit times being higher (adjusted R 2 = 0.66 for transit times and 0.43 282 for delays for departure, respectively). and Matthews, 1997) . We then analyzed delays for departure ( Figure 3E ) and transit 314 times (Figure 3F) for the first stimulus separately in relation to the remainder stimuli of 315 each train. 316
As shown in Figure 3E , delays for departure were significantly shorter for the 317 first stimulus (median = -2 ms for the first stimulus and 70 ms for the second stimulus, 318 two-tailed Mann-Whitney U = 343, n1<>n2, P = 0.011. The negative median reflects 319 noise in the fluorescence data; some vesicles appear to start moving prior to the 320 triggering stimulus. Similarly, Figure 3F shows that transit times were also shorter for 321 vesicles departing after the first stimulus (median = 48 ms for the first stimulus and 322 81 ms for the second stimulus, two-tailed Mann-Whitney U = 342, n1<>n2, P = 0.010). 323
This result suggests that vesicles wait longer to move and need longer to reach the 324 membrane after a second stimulus than following a first stimulus. 325 326
Estimate of Vesicle Speed on the Ribbon 327
We next set out to estimate how fast synaptic vesicles move down the ribbon. To do so, 328 we used two different methods, illustrated in 18 constant of our evanescent field, we were able to estimate a speed of each vesicle in 333 transit. This method yielded an estimate of 870 nm/s. Alternatively, we used the same 334 model in Figure 4A to individually estimate the speed of 82 approaches (ten of the 92 335 approaches could not be fit). With this approach, the calculated speed was 595 ± 336 42 nm/s (mean ± S.E.M.; median = 497 nm/s); the distribution is shown in Figure 4B . 337 Figure 4C shows that vesicle speed is also influenced by stimulus history -speeds were 338 significantly higher for the first stimulus (median = 600 nm/s for the first stimulus and Lastly, we also calculated speed from the vertical displacement (Dz) of the same 371 92 approaches aligned to the arrival time (Figure 2F, black squares) , based upon the 372 relative fluorescence of the vesicle before and after its approach, and according to the 373 formula described in Methods. Figure 4D depicts a plot of the mean vertical distance 374 traveled by these vesicles towards the membrane, showing that they traveled the depth 375 of our evanescent field within less than 250 ms (grey area). The mean vertical 376 displacement in this graph is 78 nm (arrow); dividing this number by the mean transit of 377 the vesicles aligned to arrival time (90 ms, red line in Figure 2F ) yields a speed 378 estimate of 871 nm/s. All three methods produced values close to the 800 nm/s estimate 379 obtained elsewhere during a continuous stimulus (Zenisek et al., 2000) , which let more 380 Ca 2+ into the cell than our brief depolarizations. This suggests that the extra Ca 2+ during 381 a prolonged stimulus does not make vesicles move faster. 382
Finally, we checked whether stimulus history influenced the distance each 383 vesicle traveled following a stimulus. Figure 4E shows the results for the 90 of the 92 384 approaches in Figure 2E . Although the distances traveled from the second stimulus on 385 were on average larger (mean ± S.E.M. = 48.5 ± 4.8 nm for first stimulus and 61.7 ± 386 6.6 nm for the second stimulus on), the difference did not reach statistical significance 387 (medians = 39.3 nm and 49.9 nm for first and second stimulus on, respectively; two-388 tailed Mann-Whitney U = 820.2, n1<>n2, P = 0.013). To summarize, the results shown 389 so far indicate that from the second stimulus on, vesicles depart later, take longer to 390 reach the membrane, and travel slower. 391 392
Triggered Vesicle Replenishment is Incomplete for Short Interstimulus Intervals 393
To investigate further how quickly vesicles are replenished, we compared the numbers 394 of stimulus-elicited fusion events and newly arrived vesicles at active zones for trains of 395 21 30 ms steps from -60 mV to 0 mV at different interstimulus intervals (60, 120, 250 and 396 480 ms). The results obtained with the 250 ms interstimulus interval protocol are 397 depicted in Figure 5A -B. Figure 5A (Figure 5C) , 120 ms (Figure 5D) , and 60 ms (Figure 5E) . While there are clear 444 signs of vesicle depletion at interstimulus intervals shorter than 250 ms (Figure 5D-E) , 445 for trains of lower frequency the number of newly immobilized vesicles followed 446 closely the number of released vesicles (Figure 5A-C) . Figure 5F shows the number of 447 available vesicles and the number of released vesicles relative to step 1 for all 448 subsequent steps at different train frequencies.
To determine the number of available 449 vesicles, the number of newly added newcomer vesicles were counted and the number 450 lost via exocytosis were subtracted from that number for each step in a train after the 451 initial step. The results show that ribbons facilitate nearly complete vesicle re-supply for 452 intervals >250 ms between pulses, but fail to keep up when intervals are shorter. 453
Therefore, a dearth of vesicles contributes to depression for these short interstimulus 454 intervals. At longer intervals, however, vesicles are present, but still unable to undergo 455 exocytosis. The time needed for fusion after recruitment, or sitting time, could play a 456 role in this phenomenon. 457 458
Newly Arrived Vesicles Are Not Fusion Competent 459
We next investigated how long it takes for a vesicle to fuse once it has arrived. To do 460 so, we measured all vesicle arrival times using the sigmoidal fit approach highlighted 461 above and measured the delay between each arrival time and subsequent stimuli. This 462 delay was defined as the sitting time. For each sitting time, we determined which 463 fraction of vesicles fused in response to a depolarization. Figure 6A shows the results 464 for the 47 vesicles with highest signal-to-noise ratio in our dataset, binned for different 465 delays (n = 119 events, 47vesicles, 36 movies, 13 cells). 466
25
To look at fusion competence, we calculated the probability of release, that is, 467 how likely a newcomer vesicle was to fuse once it arrived at the membrane, regardless 468 of stimulus. Figure 6B shows a cumulative histogram of release probability as a 469 function of sitting time for the same data as in Figure 7A . The fusion probability 470 showed time dependence, with no vesicles fusing in response to stimuli within 90 ms of 471 their arrival (as in Figure 6A ). The cumulative probability graph in Figure 6B could be 472 fitted with a single exponential function with time constant of 76.87 ms (insert; adjusted 473 R 2 depicted in the figure) . These data indicate that indeed newly arrived vesicles are not 474 yet ready to be released and progressively become more release-ready with time. 475
Taken together, the distribution of delays for arrival (Figure 3C) , combined 476 with the low probability of fusion of newly arrived vesicles (Figure 6A-B Based on its morphology, the synaptic ribbon has long been hypothesized to be a 500 vesicle-transporting organelle (Bunt, 1971; Gray and Pease, 1971 ). Our study is 501 consistent with this hypothesis, since the vesicles we observed moved in all cases 502 towards the membrane with no retrograde motion, indicating an extreme directional bias 503 in their movement direction. 504
An elegant previous study using confocal imaging of sparsely labeled vesicles in 505 the analogous bipolar cell in zebrafish showed a milder directional bias in vesicle 506 movement on the ribbon, with most vesicles moving toward the membrane, but a 507 significant portion moving away (Vaithianathan et al., 2016) . While species differences 508 is a formal possibility, we view this as unlikely. We instead consider two, not mutually 509 exclusive, other explanations for this difference: 1) vesicles at distal sites, invisible to 510 TIRF imaging, behave differently than the ones nearest the membrane; 2) The signal-to-511 noise ratio with confocal imaging prevented precise enough determination of vesicle 512 location in some vesicles, causing some vesicles to appear to go in a retrograde 513 direction. 514
Our approach makes use of the high signal-to-noise afforded by TIRF 515 microscopy and the labeling of vesicles with many fluorophores to resolve nm-scale 516 movements of individual vesicles. In a previous publication, we estimated a frame-to-517 frame jitter of 3.8 nm in the z-direction for immobilized vesicles, which may reflect 518 either noise or genuine movement and can be thought of as an upper limit for 519 localization in the z-direction (Zenisek, 2008 However, it should be noted that our superior resolution comes at a cost of not 526 being able to observe distal locations on the ribbon. Our TIRF microscope generates an 527 evanescent field with a length constant of approximately 50 nm, allowing us to visualize 528 vesicles at distances up to around 100 nm and perhaps less, depending on the signal-to-529 noise of the labeling. The ribbon in bipolar cells projects distally into the cell up to 150 530 nm, making much of the back half invisible to our imaging, indicating that distal 531 vesicles moving in a retrograde direction would not be detected in our studies. 532 533
Vesicle Movement in Response to Stimulus Trains 534
In this study, we investigated the properties of vesicle transport and docking in bipolar 535 cell ribbon-type presynaptic terminals. We find that docked vesicles are concentrated on 536 the ribbon and that ribbon-associated vesicles move rapidly along the ribbon in response 537 to repetitive stimuli. We also found that the vesicle delay for departure, transit time and 538 vesicle speed slowed with repeated stimuli, while distances traveled were not 539 significantly different. Since Ca 2+ levels lower dramatically with distance from open 540 Ca 2+ channels (Naraghi and Neher, 1997; Roberts, 1993) , Ca 2+ concentration is 541 expected to drop at more distal locations on the ribbon. Hence, one explanation for this 542 finding would be that the trigger for initiation of movement is Ca 2+ -dependent and that 543 lower Ca 2+ concentrations at distal sites lead to a slower initiation of movement. 544
Alternatively, distal vesicles may have to wait for vesicles beneath them to move, 545 29 before they can begin movement. Further experiments will be necessary to distinguish 546 between these two models. 547
Interestingly, the number of departures mirrored the number of fusion events in 548 the preceding stimulus. Since the bipolar cell L-type Ca 2+ channels are slowly 549 inactivating (Heidelberger and Matthews, 1992; Tachibana et al., 1993) , and Ca 2+ levels 550 return to basal levels over many seconds (Kobayashi et al., 1995; Zenisek et al., 2003; 551 Zenisek and Matthews, 2000), Ca 2+ levels rise with recurring depolarizations 552 (Kobayashi et al., 1995) . If Ca 2+ were the trigger for movement, one would not expect 553 the initiation of movement and translocation itself to be slowed down with repeated 554 stimulation. Hence, exocytosis and presumably vacancies at the base of the ribbon 555 rather than Ca 2+ itself appear to be the determinant for the number of vesicles recruited. 556
While our results favor a vacancy model, experiments will be necessary to distinguish 557 between these two models. 558 559
Vesicle Depletion and Depression at Bipolar Cell Synapses 560
We show here that the number of newcomer vesicles correlated with the number of 561 vesicles released during each stimulus for interstimulus intervals equal to or longer than 562 250 ms, indicating that vesicle replenishment is not rate-limiting for those interstimulus 563 intervals. For shorter interstimulus intervals, vesicle depletion played a prominent role 564 in synaptic depression. 565
Although the repopulation of active zones was rapid, newly immobilized 566 vesicles were not immediately available for release. Our results directly show that 567 vesicles move down the synaptic ribbon in response to depolarization and that delivery 568 of vesicles to the membrane is not sufficient to make these vesicles release-ready. 
